C onjugation is certainly the most widespread and promiscuous mechanism of horizontal gene transfer in bacteria. During conjugation, DNA translocation across membranes of two cells forming a mating pair is mediated by two types of mobile genetic elements: conjugative plasmids and integrating conjugative elements (ICEs). The vast majority of conjugative plasmids and ICEs employ a sophisticated protein secretion apparatus called type IV secretion system to transfer to a recipient cell. Yet another type of conjugative DNA translocation machinery exists and to date appears to be unique to conjugative plasmids and ICEs of the Actinomycetales order, a sub-group of high G + C Grampositive bacteria. This conjugative system is reminiscent of the machinery that allows segregation of chromosomal DNA during bacterial cell division and sporulation, and relies on a single FtsK-homolog protein to translocate double-stranded DNA molecules to the recipient cell. Recent thorough sequence analyses reveal that while this latter strategy appears to be used by the majority of ICEs in Actinomycetales, the former is also predicted to be important in exchange of genetic material in actinobacteria.
Integrating Conjugative Elements
Conjugative DNA transfer allows rapid adaptation of bacteria through leaps of acquisition and exchange of massive amounts of genetic material even between distantly related microorganisms. While conjugative plasmids maintain in the host genome by autonomous replication, integrating conjugative elements (ICEs) have the ability to integrate within the host's chromosome to be vertically inherited (for reviews see refs. 1 and 2). Consequently, ICEs need to excise from a donor cell's chromosome into a circular form prior to transfer (Fig. 1) . Integration and excision of ICEs are recombination events catalyzed by serine or tyrosine integrases (Int) between short homologous sequences called attachment sites (att), on the circular element (attP) and the chromosome (attB), or flanking the integrated element (attL and attR), respectively ( Fig. 1) . Although they share the same preliminary step, the mechanisms of conjugative transfer of ICEs and actinomycete ICEs (AICEs) fundamentally differ. Conjugative transfer of ICEs is presumed to be mechanistically similar to conjugative transfer of prototypical Gramnegative bacteria conjugative plasmids, while the mechanism of AICEs transfer is rather reminiscent of the one used by Streptomyces conjugative plasmids. 3, 4 T4SS-Mediated Translocation of Single-Stranded DNA (ICEs)
Widespread in Gram-negative bacteria, conjugation mediated by type IV secretion systems (T4SS) requires the assembly of the mating pore, which varies in complexity, and usually involves secretion and assembly of an extracellular pilus. 5, 6 One of the key components of the T4SS is a VirB4-like sub-unit, which exhibits ATPase activity and likely energizes the assembly and/or activity of the secretion channel. Biochemical processing of the DNA molecule to transfer is initiated at the origin of transfer (oriT), which is bound by a DNA relaxase (Mob protein) and other auxiliary proteins (Fig. 1A) . Altogether they assemble as a nucleoprotein complex, the relaxosome, which is recognized as a T4SS substrate. 3, 5, 7 The phosphodiesterase activity of the relaxase mediates a strand-specific cleavage within oriT, allowing the unwinding of the DNA molecule and 5' to 3' transfer of a singlestranded DNA to the recipient cell. Another key component found associated with most conjugative T4SS is the coupling protein (T4CP), a VirD4-like subunit, which likely acts as a docking site for T4SS substrates. T4CPs are phylogenetically and structurally related to FtsK and SpoIIIE ATPases and power translocation of single-stranded DNA across the donor and recipient cell membranes.
TraB-Mediated Translocation of Double-Stranded DNA (AICEs)
FtsK-homolog based conjugative DNAtranslocation systems are structurally simpler, relying on a single protein, TraB, aka TraSA or Tra, which resembles the septal DNA translocator FtsK. 4 FtsK mediates proper segregation of the freshly duplicated circular chromosomal DNA into daughter-cell compartments during constriction of the septal membranes in prokaryotic cell division. [8] [9] [10] AICEs likely transfer following the mechanism recently demonstrated for pSVH1 from Streptomyces venezuelae (Fig. 1B) .
4 Like for pSVH1, TraB-homologs encoded by AICEs would recognize and bind to a specific doublestranded DNA region on the circularized AICE, the cis-acting locus of transfer (clt) which is conceptually equivalent to the oriT of ICEs and necessary for efficient transfer. TraB of pSVH1 has been shown to oligomerise, forming a hexameric pore structure that is large enough to translocate double-stranded DNA. Since translocation of double-stranded DNA is not a conservative mechanism, transfer to the recipient of a mobile genetic element (MGE) using this strategy would ultimately lead to its loss from the donor cell. (3) The transfer protein Tra recognizes the AICE cis-acting locus (clt) and mediates the transfer of the double-stranded AICE by forming a pore (Tra hexamer) in the lipid bilayer and the use of its ATPase activity. (4) The circular AICE integrates into the chromosome by site-specific recombination as described above. Alternatively, integration into the chromosome of the recipient cell could be preceded by an additional step in which RC replication would occur.
To circumvent this limitation, a dedicated rolling-circle replication module (Rep) mediates replication of AICEs after excision from the chromosome and prior to transfer to the recipient. 11 
Prevalence of AICEs
One of the earliest genome-wide identification of AICEs was performed by te Poele et al. by using sequence homology-based methods on actinomycete genomes. 12 Recently, the prevalence of AICEs in 275 chromosomes and 176 plasmids of actinobacteria was estimated using methods based on hidden Markov model (HMM) protein profiles to search for various proteins families involved in maintenance [serine and tyrosine recombinases (Int), replication initiator proteins (Rep)] and transfer [FtsK-like conjugative DNAtranslocation proteins (Tra)] of AICEs. 13 These extensive in silico analyses revealed 144 putative AICEs using an FtsK-like Tra protein. With one exception found in a Bifidobacterium strain, all of these AICEs are exclusively detected in genomes of members of the Actinomycetales order (Fig. 2) . The apparent absence of AICEs in the other actinobacteria subclasses (Acidimicrobidae, Coriobacteridae and Rubrobacteridae) is intriguing and tends to justify their classification as AICEs. The quasi-absence of FtsK-like Tra-based conjugative mobile elements in the genomes of non-Actinomycetales actinobacteria suggests that this mechanism of transfer is specifically adapted to the hyphal nature of the Actinomycetales. On the opposite, conjugative elements using this strategy may be unable to efficiently spread and therefore persist in populations of actinobacteria species growing as cocci or short chains.
Single genomes hosting multiple different AICEs are frequent and the occurrence of AICEs correlates rather well with genome size. The genome of members of the Frankinaea, Micromonosporineae and Streptomycineae sub-orders seem to be more prone to harbor multiple unrelated AICEs, particularly in species isolated from plants, soil and water. 13 This observation suggests that these specific niches likely favor cell-to-cell contacts but also provide frequent opportunities of contact between unrelated or distantly related bacterial partners. Conversely, genomes of bacteria isolated from dairy products, animals, human or insects rarely harbor multiple AICEs, likely reflecting the specialization of these more insulated, less diverse microbial floras.
AICEs Canonical Proteins
Analysis of the relationships between the putative Int, Rep and FtsK-like Tra proteins encoded by all 144 predicted AICEs, together with proteins of other mobile genetic elements, reveals for the first time the considerable diversity of AICEs in Actinomycetales. Despite the large sample of genomes investigated, there is no clear evidence of AICE exchange between bacteria of the same species, of the same genus or between genera as no identical or nearly identical AICEs were detected. This observation suggests that these elements are not as promiscuous as some ICEs or conjugative plasmids found in the Firmicutes and Gram-negative bacteria, which often carry multiple antibiotic resistance genes. AICEs have never been described as vectors of such genes, preventing them from benefiting from the current anthropic selection pressure exerted by antibiotics in the environment.
Alternatively, despite the 275 tested genomes, the sample size might just be too small and their respective ecological niches to diverse to allow detection of such events.
Integration and excision of the predicted AICEs seem to rely primarily (87%) on integrases of the tyrosine recombinase family. As often reported for other MGEs, predicted AICEs coding for a tyrosine recombinase often integrate into the 3' end of a tRNA gene (73%). Tyrosine integrase AICEs for which the integration site is not a tRNA gene mostly belong to the pSLS clade, one of eight novel tyrosine integrase subfamilies. AICEs coding for a serine recombinase are rather uncommon (13%). Notably, a cluster of 8 closely related serine integrases seem to catalyze AICE integration into a distinct and unique tRNA Leu gene in several species of Mycobacterium. To date, only a few examples of MGEs, mostly bacteriophages from Mycobacteria, have been shown to use a serine integrase for integration into or near tRNA genes.
14,15
Rolling circle replication (RCR) was found to be necessary for successful conjugative transfer of pSAM2, the first described AICE (RepSA replication protein). 11, 16 Replication is also known to occur for pMEA300 (RepAM replication protein). 17 Consequently, a replication initiator gene is considered as an essential component of a canonical AICE. Indeed RepSA proteins are the most prevalent and RepSA MR2 . Interestingly, sequence comparison of the three conserved amino acid motifs suggests that while all RepSA proteins likely catalyze the nick formation at the double strand origin (dso) using the same mechanism, RepSA SAM2 and RepSA MR2 likely exhibit significant dissimilarities for dso recognition. 13, 18, 19 RepAM proteins are encoded by a minority (11.8%) of AICEs. Furthermore, genes encoding a Prim-pol domain-protein are often located immediately upstream of a repAM gene. Prim-pol domain proteins are likely involved in replication by acting as primases. As a consequence, the presence of Prim-pol genes can also be used to detect new classes of AICEs relying on replication proteins different from RepSA and RepAM. Out of 40 AICEs bearing a Prim-Pol gene, only 12 also bear an adjacent repAM gene, while 16 AICEs carry a SCO4618-like gene instead, which could also be involved in replication. The adjacent genes in the 12 other AICEs do not code for known RCR replication proteins and do not form a homogenous group based on sequence comparison. Nevertheless, solely based on the location of these genes, several of them could carry out replication-associated functions.
By definition, all AICEs encode a conserved FtsK-domain family transfer protein (Tra). Tra proteins are thought to be the main and sole protein required for double-stranded DNA intermycelial transfer of AICEs (TraSA) and Streptomyces conjugative plasmids (TraB). A phylogenetic analysis of AICE Tra proteins reveals that they group into six subfamilies with only one containing also a TraB protein. While TraB protein of plasmid pJVI clusters within the Tra SLP1 subfamily, which contains almost exclusively AICEs, it only shares 76% identity with its closest AICE relative encoded by pSLS. Therefore, exclusively based on the comparison of their Tra proteins, emergence of new AICEs through recombination events with Streptomyces conjugative plasmids seems very unlikely.
Tra proteins could potentially promote the dissemination of unrelated genomic islands and plasmids. Acquisition of chromosomal genes, not identified as being part of any self-transmissible MGE, was shown to depend upon the presence in the donor cell of the Tra proteins encoded by Streptomyces lividans conjugative plasmid pIJ101. 20 Recent work from Vogelmann et al. suggests that such events could result from the action of trans-encoded Tra proteins binding clt-like chromosomal sequences (clcs). 4 Based on this observation, mobilization of genomic islands or plasmids containing clcs by an AICE or conjugative plasmid coding for a compatible Tra protein is plausible. Conceptually related mobilizable genomic islands (MGIs) were recently characterized in c-proteobacteria. 21 These MGIs rely on the recognition of their oriT by DNA processing enzymes (relaxase and auxiliary proteins forming the relaxosome) of ICEs of the SXT/R391 family for their own transfer, in addition to the ICE encoded T4CP and T4SS conjugative machinery.
T4SS-Based ICEs in Actinobacteria
While ICEs relying on a T4SS-type DNA translocation machinery for their conjugative transfer are widely distributed in Gram-negative bacteria and, to a lesser extent in Firmicutes, they appear to be scarce in actinobacteria. 13, 22 This discrepancy could be genuine. Conversely, it could result from the inherent and inevitable bias in the predictions introduced by using protein models based on the proteins of the widely studied prototypical conjugative plasmids found in proteobacteria.
Nonetheless, actinobacteria are predicted to contain at least 17 putative T4SS-based ICEs. 13 These elements were predicted in silico by seeking co-occurrences of genes coding for an integrase (Int), a TrwC-like relaxase (MOB), a VirD4-like coupling protein (T4CP) and a VirB4-like T4SS component. attL and attR attachment sites were predicted for seven out of the 17 ICEs. Most of these T4SS ICEs are site specifically integrated into the 3' end of tRNA-encoding genes, with the exception of Nbcg01645 and Fcci3350. The excision of Fcci3350 T4SS-based ICE from Frankia sp Cci3 was confirmed by nested PCR resulting in the formation of a 71-kb circular molecule (data not shown). 13 Interestingly, two actinobacterial T4SS ICEs, Intca3128 and Nbcg01645, encode tyrosine integrases that cluster with those of AICEs pMR2 and pSLS, respectively (Fig. 3) . This suggests that recombination between ancestral AICEs and T4SS ICEs occurred, leading to exchange of functional modules.
Auxiliary Functions Encoded by T4SS-Based ICEs from Actinobacteria
Besides genes required for their own mobility, T4SS-based ICEs from actinobacteria also carry numerous "cargo" genes encoding a variety of putative functions identified using HMMsearch 23 against all Pfam-A families from Pfam 26.0 database. 24 The "cargo" genes of seven of the putative T4SS ICEs, can be classified into three groups based on their predicted functions: (1) genes coding for proteins involved in cell wall metabolism, (2) genes coding for adaptive functions and (3) genes coding for proteins involved in the translocation of a variety of molecules across the bacterial cell wall ( Table S1 ).
The first group includes genes coding for proteins involved in the cell wall degradation such as putative CHAPS domain protein, bacteriophage peptidoglycan hydrolase and other members of the amidase family. Several genes coding for proteins involved in cell wall biosynthesis such as putative LysM domain protein, GtrA family protein and glycosyl transferase family 2 proteins are also predicted. Genes associated with adaptive functions include heavy metals resistance (putative chromate resistance protein and chromate ion transporter CHR family), type II and type III DNA restriction-modification systems, and antibiotic synthesis (aminotransferase from the DegT/DnrJ/EryC1/ StrS family).
25 T4SS-based ICEs from actinobacteria also carry genes involved in cell persistence and/or plasmid stabilization systems such as toxin-antitoxin and plasmid DNA partitioning loci.
To the third group appertain genes coding for secretion and transport functions such as type II secretion system and proteins of major facilitator superfamily and ATPbinding cassette (ABC) transporters that transport a wide variety of substrates such as ions, sugars, lipids, sterols, peptides, proteins and drugs across the biological membrane.
Other Conjugative MGEs and Related Elements to be Found?
Recently, T4SS-based ICEs and related elements were also more extensively sought for in all prokaryotes by Guglielmini et al. 22 The predictions of this exhaustive study based on protein HMM profiles, built using proteins encoded by known conjugative plasmids, led to the identification of 335 T4SS-based ICEs in prokaryotes. Interestingly, the elements identified in actinobacteria in that study were not identified by our analyses. Conversely, none of the putative T4SS-based ICEs identified in our study was retrieved by Guglielmini and coworkers. Differences in the protein profiles used in the two studies most likely explain this observation. On one hand, to have an insight on the prevalence of T4SS-like ICEs in actinobacteria only the MOB F relaxase family was considered given that to date, the vast majority of MOB relaxases associated with conjugative plasmids in actinobacteria belong to the MOB F family and very few to the MOB Q family. 13 On the other hand, all six MOB relaxase families 26 were considered to identify ICEs in all prokaryotes. 22 However, the 17 MOB F encoding ICEs found in actinobacteria were not identified by this latter study presumably because of the use of a more stringent protein profile for this family. Relaxases belonging to the MOB F family typically contain an N-terminal TrwC relaxase domain and a central or C-terminal DNA helicase domain. Given that the helicase domain appears to be dispensable in some instances, only the TrwC Pfam HMM protein profile responsible for the MOB F relaxases activity was used. This illustrates well some of the limitations of HMM protein profile-based studies. Protein profiles models are chosen based on assumptions of the conservation of known and previously predicted proteins. HMM protein profile-based analyses are therefore prone to the introduction of a bias, although it represents a major improvement compared with singleprotein based alignment (BLAST).
Hence, despite recent extensive in silico analyses designed to identify ICEs relying on either T4SS 13, 22 or FtsK-like 13 conjugative machineries, entire new families of more exotic types of conjugative elements could have been easily overlooked. As an example, genomes of nonactinomycete actinobacteria could host FtsK-like ICEs relying on more distant and/or unrelated proteins for their replication. In fact, an AICE-related element has been predicted in a strain of Bifidobacterium longum by using replication protein profiles not usually associated with AICEs. 13 While predicted to encode a tyrosine int gene and an FtsK/SpoIIIE tra gene, this AICE-related element would replicate by means of a rep2-type replication protein.
Furthermore, most if not all ICEs characterized to date seem to be exclusively relying on a tyrosine or, more scarcely, serine recombinase, to promote their integration into and excision from a replicon. Yet, several examples of transposons, genomic islands and even viruses use DDE transposases instead to mediate similar events. 27 One can wonder why such enzymes are not more frequently found associated with maintenance and mobility of ICEs. It is possible that DDE recombinases are not as well suited as tyrosine recombinases to maintain the integrity of large MGEs. It is also possible that the combination of a tyrosine recombinase and of a recombination directionality factor (Int/Xis pair) is better suited to finely tune the integration into and the excision from the chromosome of large DNA molecules. The phylogenetic relatedness of the tyrosine integrases encoded by 17 T4SS-type ICEs (black) with those of the 9 AICEs tyrosine-integrase subfamilies (green) is represented. For simplification, only the 9 proteins encoded by the AICEs of each eponymous subfamily were used for this analysis. The relatedness of the tyrosine integrases of Intca3128 and Nbcg01645 with those of pMR2 and pSLS, respectively, is emphasized (gray shading).
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It is tempting to speculate that many more elements related to ICEs of both superfamilies are yet unidentified. As an example, further examination of Frankia genomes reveals putative elements lacking one of the AICE canonical components. These elements could be AICEs remnants subject to genetic decay or more interestingly, be genuine MGEs, which could depend on interactions with proteins encoded by other self-transmissible mobile elements.
Predictions of ICEs and related elements in actinobacteria have enabled to gain better insights on the distribution, diversity and evolution of these MGE. Interestingly, ICEs encoding two mechanistically different DNA translocation machineries are present in actinobacteria. However, despite the apparent simplicity of their "conjugative apparatus," AICEs seem to have the biggest share of the gene trade in actinomycetes.
